Actinobacillus pleuropneumoniae (A. pleuropneumoniae) is the etiological agent of a porcine pleuropneumonia that threatens the global swine industry. The major pathogenic toxins of A. pleuropneumoniae include ApxI, ApxII, ApxIII, and ApxIV, which are serotype or serovar specific. Several techniques have been developed for the identification and typing of A. pleuropneumoniae. Serological assays are used to identify and serotype A. pleuropneumoniae, but factors such as cross-reactivity limit their specificity. Labor, time, and the requirement for specific antibodies are also drawbacks of these assays. Multistep polymerase chain reaction (PCR) techniques based on apx genes have been reported for the identification and typing of A. pleuropneumoniae. This study developed multiplex PCR for the identification and genotyping of A. pleuropneumoniae based on apx genes. This multiplex PCR technique was successful in differentiating 11 of 15 reference serotypes. Five different primer sets were used to amplify the 4 apx genes from each serotype in a single-step reaction. The multiplex PCR reported in this study was further used in genotyping 51 field isolates of A. pleuropneumoniae from different regions of Korea. The concomitant amplification of all 4 apx genes makes multiplex PCR more specific and convenient for the diagnosis and genotyping of A. pleuropneumoniae.
laceae family whose strains can be classified into 2 biovars on the basis of their nicotinamide adenine dinucleotide (NAD) requirement. Biovar 1 is NAD-dependent, whereas biovar 2 is a less common NADindependent strain. 13 Fifteen major serotypes of A. pleuropneumoniae have been described on the basis of antigenic differences in the mural lipopolysaccharides (LPS) and capsular polysaccharide. 1, 2, 11 These 15 serotypes belong either to the NAD-dependent biovar 1 or to the NAD-independent biovar 2. 15 Actinobacillus pleuropneumoniae produces protein cytotoxins, ApxI, ApxII, ApxIII, and ApxIV, belonging to the pore-form-ing RTX-toxin family, 4,5 that are secreted in various combinations by the different serotypes through specific type-I secretion mechanisms.
Together with capsular polysaccharides and mural LPS, the Apx toxins are important virulence factors. ApxI is strongly hemolytic and cytotoxic and expressed by the most virulent biovar 1, serotypes 1, 5, 9, 10, 11 and biovar 2, serotype 14. ApxII is moderately hemolytic and cytotoxic and is secreted by all serotypes except serotypes 10 and 14. It lacks the secretion apparatus-encoding genes and seems to use the product of apxIBD genes present in all serotypes except serotype 3. 4 The strongly cytotoxic but nonhemolytic ApxIII is produced by serotypes 2, 4, 6, 8, and 15. 2, 4, 14 Apx toxins are highly immunogenic and thus induce a strong antibody response in animals infected with A. pleuropneumoniae. 6 ApxI, ApxII, and ApxIII are also secreted by other Actinobacillus species such as A. rossii, A. suis, and the recently discovered, nonpathogenic A. porcitonsillarum, which can induce antibodies against these toxins in pigs. 7, 18 In contrast, ApxIV is specific to A. pleuropneumoniae 5 and is expressed by all serotypes only after infection of pigs; it is not expressed in vitro. 17 Furthermore, the apxIV gene has been shown to be highly specific to the species A. pleuropneumoniae. 16 Another important characteristic of ApxIV is its variable size among different A. pleuropneumoniae serotypes. Molecular methods such as amplification of the apxIV genes and 16S ribosomal DNA sequencing have been reported as alternative and reliable methods to classify A. pleuropneumoniae. 3, 8, 19 This study uses the apxIV gene and the other apx genes for identification and genotyping of A. pleuropneumoniae.
Several serological methods have been developed for identification of A. pleuropneumoniae serotypes. However, the specificity of these serological assays is easily influenced by a number of factors. One such factor is cross-reactivity between serotypes, likely because of a common membrane protein or species-specific antigens present on LPS. 12 Polymerase chain reaction (PCR) is an important genotyping diagnostic tool and is especially valuable in typing A. pleuropneumoniae. However, the need for multiple PCR assays to cover the various serotypes has made PCR typing more time consuming. To alleviate this shortcoming, we developed a multiplex PCR typing system for A. pleuropneumoniae on the basis of apxI, II, III, and IV genes. This assay system was used for genotyping 51 field isolates of A. pleuropneumoniae from different regions of South Korea. Actinobacillus pleuropneumoniae serotypes 1-12 were provided by the National Veterinary Research and Quarantine Service, a and serotypes 13, 14, and 15 were obtained from the Danish Institute for Food and Veterinary Research. b Fifty-one field isolates were obtained from lung lesions of pigs with clinical signs of respiratory diseases after necropsy. All these cases were submitted to the Department of Infectious Diseases, College of Veterinary Medicine, Seoul National University, Korea, for diagnosis. Lung swabs were streaked on chocolate and blood agar with NAD. c The plates were incubated at 37 C for 24 hours under 5% CO 2 . After incubation, pure colonies were isolated and identified by biochemical tests such as NAD requirement, hemolysis, Christie-Atkins-Munch-Petersen (CAMP) test, catalase test, oxidase test, urease test, and by the Vitek system. d These field isolates were grown overnight in Brain Heart Infusion (BHI) broth containing NAD c (10 g/ml) and stored at Ϫ70 C until further use.
For the extraction of genomic DNA, 1 ml of the overnight-cultured bacteria was precipitated by centrifugation and resuspended in 50 mM ethylenediaminetetraacetic acid (EDTA) and 50 mM Tris (pH 8.0). After incubation at Ϫ70 C for 15 minutes, 10 mg/ml of lysozyme in 0.25 mM Tris (pH 8.0) were added to the samples, and they were chilled on ice for 45 minutes. Finally, phenylchloroform extraction was carried out after overnight incubation of the sample at 37 C with 1 mg/ml proteinase K, 0.5% sodium dodecyl sulfate, 0.4 mM EDTA, and 50 mM Tris (pH 7.5). The extracted DNA was washed twice with 70% ethanol, dried, rehydrated in distilled water, and stored at Ϫ20 C.
Five sets of oligonucleotide primers e were synthesized to amplify the 4 different apx genes of A. pleuropneumoniae based on sequence data from GenBank (Table 1) . These primers were selected so as to amplify all the Apx toxin genes in such combination that they matched with the Apx toxin gene genotype and phenotype profile of A. pleuropneumoniae, which are specific for each serotype or biovar. 4 Multiplex PCR was performed with all primer sets listed in Table 1 . A Pϫ 2 thermal cycler f was used. Each PCR mix totaled 50 l: 5 l of 10ϫ ExTaq buffer(Mg 2ϩ free), g 1 l of template DNA, 0.1 mM MgCl 2 , g 0.015 mM of each deoxynucleoside triphosphates (dNTP), g 50 pmol of each primer, and 2.5 U of Taq polymerase. g After 5 minutes of initial denaturation at 94 C, PCR consisted of 35 cycles of denaturation for 30 seconds at 94 C, annealing for 30 seconds at 60 C, and extension for 3 minutes at 72 C. Final extension was for 10 minutes at 72 C. The PCR products were resolved by electrophoresis in a 1.5% agarose gel, and the amplified DNA bands were observed under UV light after ethidium bromide staining.
The gradient feature of the thermal cycler used in this study allowed rapid optimization of annealing parameters (between 30 C and 70 C). The optimal annealing temperature was determined to be 60 C. Vary- 19 . ing the concentrations of MgCl 2 and dNTPs proved to be helpful in eliminating nonspecific bands. The expected result was obtained using the optimal conditions described above (Fig. 1) . The amplification pattern and the sizes of the 4 RTX toxin-secreting genes as produced by this multiplex PCR were used for the genotyping ( Table 2) .
A previous study determined that, with very few exceptions, strains of all serotypes isolated from different geographical areas contain the same apx genes and express the same Apx toxins as their respective reference serotypes. 4 Thus, the apx gene profiles of the 15 A. pleuropneumoniae serotypes are specific for a given serotype or biovar. 4 This finding was used as the basis for distinguishing the serotypes of the 51 Korean field isolates. These isolates were categorized into 3 groups by their respective product patterns (Table 3) . By analyzing the pattern and product size as shown in group 1 isolates, their identity as serotype 5 was deduced. Similarly, group 2 patterns indicated the presence of serotypes 2, 8, and 15. Group 3 comprised serotype 10 isolates. 4, 5 The goal of this study was to develop a multiplex PCR using sets of primers that would amplify all the Apx toxins-secreting genes in the different serotypes of A. pleuropneumoniae in a single reaction. Serological techniques currently used for serotyping A. pleuropneumoniae have some cross-reactivity problems. Indeed, serological cross-reactivity between serotypes 1 and 9, serotypes 3, 6, and 8, and serotypes 4 and 7 has been reported. 9 These cross-reactions are mostly because of a shared membrane protein or species-specific antigens such as LPS. 12 The PCR technique has been widely used with both single and combined sets of primers for diagnosis and serotype identification purposes. Use of different combinations of primers for different serotypes is cumbersome and time consuming. The apx gene multiplex PCR-based genotyping method described in this study alleviates these shortcomings. Because the apx gene profiles (Fig. 1) are specific for each serotype, it is possible to determine the serotype of field isolates using this method. The ability to amplify all the apx toxin genes in this onestep multiplex PCR renders the diagnosis and genotyping of A. pleuropneumoniae easier and more convenient.
However, the multiplex PCR technique developed Table 3 . Grouping of 51 Korean field isolates of Actinobacillus pleuropneumoniae on the basis of their product sizes and patterns.
